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TRANSPORT COEFFICIENTS FOR A PARTIALLY IONIZED T W O - T E M P E R A -  
TURE PLASMA WITH IONS AND NEUTRAL PARTICLES HAVING D I F F E R E N T  
MASSES 

L. E. Pekurovsk i i  

Zhurnal  P r ik ladao i  Mekhaniki i Tekhnicheskoi  F iz ik i ,  Vol.  8, No. 3, pp. 16-24 ,  1967 

The viscosity, heat-conduction, and diffusion coefficients are cal- 
culated for a two-temperature three-component plasma composed of 
ions, neutral particles and electrons when the masses of the ions m i 
and neutral particles ma are different. Similar transport coefficients 
for mi = ma were calculated in [1-3]. The numerical values obtained 
for the transport coefficients are compared with the values calculated 
from the formulas of [1-8]. Numerical calculations are carried out 
for helium with a cesium additive (m i �9 ma) and for krypton with a 
lithium additive (m i < ma). 

w The in i t ia l  s y s t e m  of equat ions  fo r  de t e rmin ing  
t h e  m a s s  diffusion flux of the a - c o m p o n e n t  of a p l a s m a  
j a ,  the v i s cous  s t r e s s  t e n s o r  nik a and the r e l a t i ve  
heat  f lux h a has the fol lowing f o r m  [1-3]:  

(a~,Ji ~ + b,,~hi ~) + 

OPct . Oz~ii ~ 
(~.1) 

~ Ca~gite~ -- 

- 0 .5(o~% (ne~o~z,~ + ~z~-atz,,)  u , ,  = - -  q ~ W ~ ,  ( 1 . 2 )  

OTa O, 40z~k~ 
~ h,~hi ~ - -  or h~ 'Sga~  = - -  ~ ,  + 

+ ~ d:~v~*]~ ~, (1.3) 

J~=p~w ~=pa(u ~ - u ) ,  p~----m~n~, p ~ = n ~ , T ~ ,  

h ~ q ~ 5  = I~p~w , 

F"= %(E l ) du raa + ~ U X B dt ' 

Out % I n [ Ou i Ou~ 2 8i~ ~ , 0}~ 
Wile = ~ -{ ox i 3 - -  ~ 

H e r e  the r e l a t i v e  ve loc i ty ,  pa r t i a l  p r e s s u r e ,  t e m -  
p e r a t u r e ,  heat  flux, and number  of p a r t i c l e s  p e r  unit 
vo lume  for  the a - c o m p o n e n t  of the mix tu r e  a r e  given 

by w a , Pa ,  T a ,  qa ,  and n~,  r e s p e c t i v e l y ,  u is  the 
mean  m a s s  ve loc i ty  of the gas ,  w a  is  the cyc lo t ron  
f r equency  of a p a r t i c l e  with c h a r g e  ea  and m a s s  rna ,  

is  a unit v e c t o r  n o r m a l  to the d i r ec t ion  of  the m a g -  
net ic  f ie ld ,  and ~ik/ is  the exchange t e n s o r .  

The coef f ic ien ts  ~a and ka a r e  a s soc i a t ed  with the 
e f fec t ive  co l l i s ion  t ime  ra  and T~ by re l a t ionsh ips  of 
the f o r m  

~" = ~ , ~'" = 2 - ~ - ~  �9 ( 1 . 4 )  

The quant i t ies  ~'oz -1 and (7"~) - t  ( r e c i p r o c a l s  of the effec-  

t ive  co l l i s ion  t imes )  a r e  w r i t t en  as l i nea r  combina -  

t ions  of the quant i t ies  T a f t  -1 , the e f fec t ive  co l l i s ion  
f r equenc i e s  of~  - and f i - type p a r t i c l e s .  Genera l  ex-  
p r e s s i o n s  fo r  T a ,  T * ,  a n d  T a f  t as wel l  as fo r  the co-  

e f f ic ien ts  a n t i  . . . .  , f a i l  of the s y s t e m  of equat ions  
(1.1)-(1.3) for  an ion ized  gas m i x t u r e  with an a r b i t r a r y  

number  of components  a r e  given in the paper s  c i ted  
above.* 

In what fol lows we c o n s i d e r  a t h r e e - c o m p o n e n t  
m ix tu r e  composed  of ions i, e l e c t r o n s  e, and neu t ra l  

p a r t i c l e s  a.  The t e m p e r a t u r e s  of the heavy compon-  
ents a r e  a s s u m e d  to be the same  (T i =Ta  = T). L a t e r ,  
in con t r a s t  to [1-3] ,  we a s s u m e  the m a s s e s  of the 

ions and neu t ra l  p a r t i c l e s  to be unequal (m i ~ ma) .  

The following conditions are frequently employed in the present 
paper: 

~ : r n e / m i ~ l ,  ~ = m e / m a ~ i ,  

60~i ,  6 0 ~ t  (0= T / T e )  . (1.5) 

Wewrite the coefficients of the initial system of equations (1.1)- 
(1.3) for the plasma under consideration: 

rni 6 ma 

aaa : - - M T a i  Tae ~ aii ~ -  "MTia Tie 

m a m i 

%~ = MTi----- ~ ' ai~ = M%~ ' 

i 8 i 

nee = - -  T ~  ~ aei ~ Tie ~ ale = Te--~i 

i 6 
aae -- Tea ' ac.a = Ta~-- ~ (1.6) 

~ blTa 
ban - -  4 ~M Tib~Tai - -  620 , bai : 4 M ~ ' 

b 0 "tab2 [~ Tab1 Ti 
a~ = 8 ~ ,  bi~ = - ~ ~ -  ~ + 0.6820 Tie--' 

b~=4 M Ta~ ' bi~=--0.680~, 

T~ b2Ta 
b e i =  --0.6$20 ~ t (1.7) Ta, 

can ~ Ci{ : tee ~ ~ 

*A full solut ion of the sys t em of equat ions (1 .1) -  
(1.3) is  s e t  out  in deta i l  in the paper  of V. A. Po lyan-  
skii  " T r a n s p o r t  phenomena in a m u l t i t e m p e r a t u r e  

p l a s m a , "  doc tora l  d i s se r t a t ion ,  MoseowSta te  U n i v e r -  
s i ty,  1965. 
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"V "ga 
tea = - -  ~ Ca~ = - -  8 [c~ + (i - -  O) b~ ' 

4 ~ c "ra I'~ 'r4 
%+=- ~-  ~ ,  c+a=--4 ~c',.Tr ' 

're ~i 
. . . .  --, - -  , (1.8) Cez 0 48 ~ ie c le : - -  8cs ~: ~ 

4~mi bi i--0 

d a a = - - 2 . 5  + 56 
ma~ ~*~ai OTa~ae ' 

dai=2"5d~ma bi dae= ~ d___..L_~ 
~*Via ' TaO~ea ' 

4~m a b~ t - -  0 
di+= - 2.5 + 5~ , 

mi2 ~*Tia O ~ e  

d i a = 2 . 5 ~  bl dz 
i T*Ial  d l e = 8  ' Ti~el 

d e e = - - 2 . 5  ~ , dea=2.5--TaOTa e ' 

t 
d g = - -  1.5 - -  Ti0~e 

(1.9) 

0.4 ~ ( 3 m  i 2"5ma 
Ti*-I  = + 

-,i-,;+ ia ~ +  ~7 -+  + 

t.2B~a__*~ ) as 
-}- t '6Aia* mi " "~- "~ie--" (1.12) 

For the charged particles 

A ~ *  = B ~ *  = 1, C ~ *  = 1/a , 

D ~ *  = - -  ~/3, F ~ * = - -  ~/~ . (1.13) 

When the interaction between particles differs from a Coulomb 
interaction, these same quantities have the form 

Co~* 3 ~  , 

Da~* ~ 6~a$~1 , F ~ $ * =  9f~a ~ x (1.14) 

a ~  = V-~ ~ + ~  e=p (- ~,) g ~  (i - costume) b d5 d~.  (1.=5) 
o o 

Notat ion:  

de* ~e* 
S + a = - - ~ / ~ ,  1~=-2.7~-~+, 

~rn i ~a* �9 * 9 so ,=-s~=-s ,~72+a,  Sa~=--~'S~--2- a ' 

]{a -----8 /1 ~ ' ,  /{e=--e2O/4 - "  (1.10) 

M = m + mi, li = morn i / (rn a + mi), 

T ~ = m  c I T e ,  ~* = T a21-T i ,  

~:o-~ = t:ei ~ + ~ea -~, TI-~ = b2~ea -1 -- 0.6~e~-~, 

b~ = 0.25 (l.20ia* - -  t),  b 2 = i.2Cea* - -  1 , 

c~ : 0.25 (l--0.6Aai*), 

c~ = t.--0. 6 A ae* , ca = 0.2 (30 - -  l ) ,  

gx = 2.502bz - -  ( !  - -  0) (4Aea* - -  t26'ea* - -  50 + 60tea*), 

d~ = 3--4.50,  

,f~ = 0.125 (5.5--~.6Aia* - -  t.2Bta*), 

]~ : 5.5--t.6Aea* -- 1.2Bea*, Ja = 4.50 -- 1.8 ; 

]a : J~0 ~ -- 0(1 -- 0) (5 + 1.6Aea* + 2.4Bea* - -  t9.2Cea* + 

+ 2.4Dea* ) + (i - -  e) ~ (12tea* - -  4.8Bea* - -  2.4Dea*). 

Let us now consider the quantities Tc~ -1 a n d ( ~  ct) "l .  For the chosen 
plasma model,  they are as follows: 

~ a-i = 0.3~ aa -~ 4- (~ / M) (t 4- 0.6Aai*rn i / ms) "gai -1 4- ~'gae -i  , 

zt-1 = 0.3"r + ( ~ / M )  (t 4- 0.6Aia*ma / ml) ~+- i  4- a,~i - i  , 

' t e l  = 0.3"r 4- 0.6Aea*~ea-I 4- 0.6"~ei-1, (1.11) 

0.4Aoo" + ~ ,  (3,no 2.Sin+ ~*-~ + - -  + 
"~aa M~'gai \ mi ma 

1.2B ai*m i .) 3 6  

+ 1.6Aoi* ,n a + ,t,o---]',- 

�9 ~*-t  = 0.4Xee-1 + t .3Vei "-t 4- (2.5 - -  1.2Bea* ) "~ea -1 , 

Here 

g ~  = (21 'ra,m)'l:~, T,t~ = T~ I m~ + T~ I m~ , 

the scattering angle is Xc~$, and the functions g~l~ and b are de- 
termined by the form of the interaction between c~- and 3- type  
particles. 

For a model  in which the particles are solid spheres, all the 

quantities AcxB* . . . . .  Fcd3* = 1. 
In the case being considered, the collision times, for charged 

particles with neutrals and for neutrals with each other, are written 
in the form 

1 t6 ( T ~ '1" 

1 n i i t n 1 

"gal na "gqa i "gae ~a Tea 

1 t6 ( T ~V. i t6 [ T e ,~V, 

",a ~ no t2~-~- ~ q+~, ~ - = - 5 - n ,  t~-m~-;,) e~'  (1.~+ 

Q ~  - -  (2nT, ,J / 'ga~ ~ --- 

P 
2 ~  exp ( - -  ~2)(1 - -  cos Xa~) vsb db dv . (1.17) 

For the interaction of  charged particles 

t t6 ( T ,  ~'1~ 1 i6 ( T \ ' / '  
~-"~ = - 3 -  ne - -  Qee, - -  = w ni ! Qii , \~m e / ~ i  \~~+ J 

1 t6 ( Te ~'I, 1 n i f 
-- ~ -- • , (1.18) 

Q,~ = ~ / ~  (ea%T:~ / 7 , ~ i ~ l n h ~ ,  (1.19) 

where A c+g is the Coulomb logarithm. 

w The g e n e r a l  so lu t ion  of the  s y s t e m  of  equat ions  
(1.2) has  the  form[21 

~(0)W(0) n(1)I/y(1) ~ (2) I/1/-(2) 

_(3)I~7(3) - -  --(4)I~7(4) ( 2 . 1 )  
-}= q i  ~ r i j  "1-q~z vv i j  . 

fo r  the s e c o n d - o r d e r  t e n s o r s  w!P)(p = E x p r e s s i o n s  
= 0, 1 , 2 . 3 , 4 )  which a r e  v a r i o u s  c o n t r a c t i o n s  of the 
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tensor  Wk/wi th  tensor  quanti t ies of the type ~ i ~ j ~ k ~  I ,  
5ij~kXl, C~imk ~ jXm ~/ ,  aimkO'j/~m, a re  given in [5]. 

The v i scos i ty  coeff ic ients  ~ P  (p = 0, 1 ,2 ,3 ,4 )  a re  
de termined  by the re la t ions  

~(o) ._1 ] c I ~  _(i) _ ~ I c* I~ 

~1~ ) = x~  I ~ * *  I~, 
z~ I c * * l  ~1~, 

~l(~ ~) = ~ (o ~ I ~* I ~  ~(o) ,q~> _ i ~ 0, "~ I c** l ~  _(o) 
2,.i ~ ~ l~*l '~  ' - - - V ~  B B ~"i"~-*"F-I '~ .  (2.2) 

Here  ~ )  is the v iscos i ty  coeff icient  for  ~ - t y p e  
pa r t i c l e s  in the absence  of a magnet ic  field, tct i s  the 
determinant  with e lements  carl, and [clfla is the co-  
f ac to r  of the e lement  cfla of this de terminant ,  while 
[c ' l ,  [c**[ and lc*lflc~, ]c**[fl~ have s i m i l a r  meanings .  
Here  the e lements  of the de terminants  [c*[ and [c**[ have 
the f o r m  

* *  , t l c l ~  
c~ = c~ -t- - ~ - ] ~ -  o~ ,%o~ .  (2.3) 

With the values of the coeff icients  of carl given in 
w the genera l  express ions  for  the v i scos i ty  coeff ic-  
ients (2.2) can be cons iderab ly  s implif ied.  With an 
accuracy  to quanti t ies on the o r d e r  of e 3/z 0 2~/z, r e l a -  
t ive to the remain ing  t e r m s ,  the de terminants  [el, [e*[ 
and [c**l a re  equal to 

Icl=A--t-c,.c.. 
l c*l ; h (t + h-=.,?~?) 0 + '%=*2), 

~ e ~ T e  ~ (Oi:vt'~2 

A = t - -  [~-rr. ~ c~ . (2.4) 
\ 1vl ] "gfa'gat 

The express ions  for  ~:P) have the same  f o r m  as 
fo rmulas  (3.3), (3.5), and (3 .6) in  [2]. However ,  in 
the p resen t  case  the quantit ies ~a and ~i which appear  
in these  express ions  mus t  be r ep laced  by 

~=~+4~,~, ~,=~+~r (2.~) 

and the express ion  for  A is given by the c o r r e s p o n d -  
ing fo rmula  of (2.4). 

w The solution of the sys t em of equations (1.3) is 
wri t ten as follows: 

h a ---- hr e + hu" + h,,". (3.1) 

The heat  flux caused  by the t e m p e r a t u r e  gradients  
of all the components  of the mixture  is 

h, ~ = - -  ~ [~d~V ~ T~ + XI~V• + ~,~a (VT~ X z ) ] .  ( 3 . 2 )  

The diffusive heat t r anspo r t  is 

h ~ II /~ 

The heat flux due to the v iscous  momentum t r a n s -  
port  hv~ will not be cons idered  here ,  s ince in the m a -  

jor i ty  of p rob lems  it is of l i t t le impor tance .  
Here  

I I 1 ~ , ~ ,  

I / I  

�9 ~•  ~ II 

= 2J r -Z:-_ " 
Y 

(3.4) 

where  r T a re  given by fo rmulas  (1.12), and the ex-  
p re s s ions  for  the coeff icients  ~t~, D~ a re  obtained 
f r o m  fo rmula  (3.4) by replac ing  the sign [[ by •  ^, 
r e spec t ive ly .  The e lements  of the determinant  ~*[ 
a re  

I ~ *  = I'~ + - i T F  ~ " (3 .5 )  

In the case  being cons idered  the de terminants  If[ and 
[f*l are ,  with an a c c u r a c y  to quanti t ies on the o r d e r  of 
e5/2 o3/~-, 

A1 = t - - ( 4  a Z*Z * ~ - ]  n ~ .  (3.6) 

It follows f r o m  (3.2) that the express ion  for  h~ in 
the general  case  contains t e r m s  which a re  p ropor t ion-  
al to the t empe ra tu r e  gradients  of all components .  
However ,  an analysis  of the cor respond ing  coeff icients  
shows [2] that in the e lec t ron  heat flux h~ the basic  
contr ibut ion is f r o m  t e r m s  which a re  functions only 
of VT e. Thus 

hT e = - ~ n v l l T . - ~ , l v •  z). (3.7) 

Similar  e s t ima tes  enable us,  under  cer ta in  condi-  
t ions,  to omit  t e r m s  propor t ional  to VTe f r o m  the ex- 
p r e s s ions  for  the ion and neutra l  t he rma l  f luxes.  Then 

h~' a = __ ~ ,  aV I T - -  ~,~aV.LT - -  ~,~ ~ (VT X, z ) .  (3.8) 

The external  f o r m  of the coeff icients  Z~ll, X~, X~ 
is the same  as in fo rmulas  (4.4), (4.6), and (4.7) of 
[2], but the t e r m  6 which appears  the re  must  be r e -  
placed by A 1 and, m o r e o v e r  

]trrtt T a *  
~* = t + 8 - ~ -  1 ~ 7 ,  ~ a * = t + 8 W % ~  zi* -M-r n~-7. �9 

a t  

Let  us now cons ider  the diffusive heat t r anspor t  fo r  
each p l a s m a  component .  

in the f o r m  As in [2], we r e p r e s e n t  h u 

h a h ,  Uh~ u = j . . . . .  ( 3 . 9 )  

Here  

h / = - - X ~ l J j ~ - - x • 1 7 7  • ~) ,  

r 

h~ ~ = - -  ~ "s ~ - -  ~ - L s •  - -  t~  A (s • z ) ,  

U i n a S ~ - -  . (3A0) 
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To ca lcu la te  the coef f ic ien ts  ~q )  and g(q) (q = ~, • 
v) we t r a n s f o r m  h~ (q) to the  form** 

(~)m 
h~(q) = __ ~ *  * j(q) - -  

- -  [ !~ .  p~+  2 (t (3.11) 
,y 

~ = em~ ( 1  - -  0 )  ~*-~, ~i = - -  0 - ~  ( t  - -  0 )  m : d  -~ , 

~a = - -  0-1 (1 - -  0) ITleT.ae. -1' 

~o*-~ = e-1 ( ~ - ~  + 6 ~  -x) , 

Ce* m~nl = P~ (3.32) 
mana ~- mini Pa -~ P( 

We wr i t e  the f inal  e x p r e s s i o n s  for  the coeff ic ients  
•  and~Lq). Fo r  diffusive heat  t r a n s p o r t  by e l ec t rons  

~* ~ 5 T e "~e* Xe 11 
= 2 e Ti ' X ~ •  1 + ( % ~ e * )  t ' 

%'~e* II 
x e h - - - - - - -  t §  T x e  ' ( 3 . ] 3 )  

[" '~ -F 2~ ( l  -- 0) 0 - -  ct*)] , p, ll = 2 .5pG,  Lq~ Li 

~e If ~  ~te II. 
~• = ~ + (%L*) ~ , ~ ~ + (%%*)~ (3.]4) 

The ca lcu la t ions  in (3.13) w e r e  c a r r i e d  out with an 
accu racy  to t e r m s  on the o r d e r  of ca/z0 -~/z, and in (3.14) 
to t e r m s  on the o r d e r  e ~/2. F o r  diffusive hea t  t r a n -  
po r t  by ions 

Xi II __ e~PiXi* F 8~ , . ~ . .  . .  ml 81 3 
- ~.-~7-~; L ~  ~ -~ i  - "  ~ o n 2 J '  

Zi • ___~ 

182PiTt* i r 82 2 ' "'~ * t "  m'i ~I• 7 

- ~n:~ ~ + A:(~a,)~ L-~U -~ ~ '  - ' m--: o%:J' 

m4 8i i 
:~m* ~:r [ ~  + (~, _ ~)-kT o-~T~ ] ,  (3.~) eneA1 ~ i -~- A1 -~ (O(l'i*)~ L ~ie 

=--EAT-~ {(2~---"/.~,~ L M )  ]l'-~-~i ] - 

**This e x p r e s s i o n  was  obta ined by V. A. Po lyansk i i  
( see  footnote  *). 

L ~ ~o~ J r '  

~iII %'~* F~ II. (3.16) 
~h• ~-- ~ § A ~  (r ~ ' ~ha ~ i § A,-~ (~):~*): 

In the ca lcu la t ion  of the coef f ic ien ts  •  q), all t e r m s  
appea r ing  in p!~) a r e  r e t a i ned  s ince  they all a r e  of the 
s a m e  o r d e r .  Coeff ic ien ts  g ! q ) w e r e  ca lcu la ted  to the 
a c c u r a c y  of ea/Z 0 -3/2. 

Fo r  diffusive heat  t r a n s p o r t  by neu t r a l s  

6~Pd%* i 8i ma 82 7 
t ~te ] 

Za -L = 8~Pa~:a* 
eneA 1 X 

A 8SPa"#a* 
Xa = e~sA ~ % 

0)i~t* r 8i&* ~_ ma 82& 
x i + AT:-~-%,~r L o-~_ (~,~*- i)--s ], (3.17) 

14~ ! 

2~o-o)F  ~* (~-=*)(L*-~)]~ 
- - - ~ - - L ~  U J ~ '  

i 
[Xa "L = ~[ _j_ AI-  ~ ((Oi,,$,i,)~ X 

x {p,,~' 5Pd~a*''x*~F/'~ mt\ '  bi - - 2 ~ ] } ,  
- -  2A, ~''k~t t ' L : - ~ )  

Q)ili$ Ai -I ( 5 , l l i a l t  @ " ~ - P a ~ a  X 
I~at~ - -  i + h l - ~  (~otzt*) ~ 

F / n  m t \ ~  bl  2 6 ( 1 - - 0 ) a * 7 ~ .  ( 3 . 1 8 )  
• ~ - ~ .  ~ 

As above,  f o r m u l a s  (3.17) contain all the t e r m s  ap-  

: = :   oT:e0r  :i ons (3 18) a r e  ca lcu la ted  

Y 
The following symbo l s  a r e  used  in f o r m u l a s  ( 3 . 1 5 ) -  

( 3 . 1 8 ) :  

51 = dl -- 2 . 5 / 3 ~ l - l g e  * , 5~ = d~ - -  2.5/~v~-1%*-, 

5r  L = d i -  2.5/a~l-lge*~, 5~k = d ~ -  2.5/agl-lx~*@l , 

~i I" = d l  (1 + ACbh~'q*~) -- 2.5AxF~**~, 

4o) 
(i) 

71 e 
(2) 

~e 
,~(3) 

~0) 

i 2 

I 
40.6i.10-" 22. i i ' i0  - u  

i2.97.t0-n i 3 , ~ . i 0  -tz 

26.5~.t0-~ t9,03-10-tz 

t9.09.10-" 10.78 "iO-u 

i9.49.10-t, 7.B2.t0 -zl I 

26.34, l0 -s 28.50.i0-' 

Table  1 

~2 

t0.6t. 19'-'4 

t0.32.i@ 7 

7.07.10, ~ 

~.81.1D" 

28.81.10 's 

62.i8-i0" 

33.39. iO "~ 

5.02. t0 '7 

4.93.i0 ~' 

t .82.i0:7 

91.6~-t09 

9.35.t0" 

i 

l~i Ij .93,27-i0 -s 

~.a ~ 8.55 

~ t8.46 

XeB 87.i3.10 -~ 

a~ i .25d0 ~ 

r o 4.03-t0 -= 

2 

3.6i5 

0.953 

27,39 

i0.88, tO'--i 

67.75.t0 ~ 

i.20.iO -a 
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6~a=dx- -2 .5 / a~ i - l ze* tpn ,  

6 ~ = d ~ - - - 2 . 5 / ~ - % ~ * ~ ,  

611*~---dl ( l - - A i ) + 2 . 5 / ~ i - i ~ * ~  , (3.19) 

Ipl =~ 1 + (%~)~ ..... ' 

t + (~d':e*) ~ 

h 1 (Al-l(Ot~t* - -  COeZ ' ") 

~ = ~i'~t * (~ + ' ; Y T  T - '  

o>ffe* (t + A ~ -~o)i 2x t *~) 
~4 ~--- (.0i%,t*Al~l (~ _~ t%~Te,2 ) ( z . 2 o )  

~4. When the s y s t e m  of equations (1.1) and (1.3) is 
s o l v e d  s i m u l t a n e o u s l y  w e  o b t a i n  a r e s u l t  w h i c h  s h o w s  

T a b l e  2 

b~ z 

/ M] n ~  ' . ~ J 

g ~ = t . 5  n,~ mi %*. g ' ~ = 2 . 5  na be%* 

r% 0.6 = b. _~ . (4.3) 
"r "r m i  ~:le 

T h e  d e t e r m i n a n t  [a(~ w i t h  a c c u r a c y  to q u a n t i t i e s  on  

t h e  o r d e r  of e i/B 0 -3 /2  r e l a t i v e  to t h e  r e m a i n i n g  t e r m s ,  

h a s  t h e  f o r m  

aa~a~ * (1 + A~) 
i ~(~ 2 ~ 0 ~ ,  ' 

a~ 2ra~ 0--2.5 ~e*~ -~) ~0"%, ~ = b , "  + 0.36 (4.4) 
aoal~ae~ ' ~s ~ea ~et " 

T h u s  t h e  d i f f u s i o n  c o e f f i c i e n t s ,  w i t h  a c c u r a c y  of 

e i / z0~ /z  a s s u m e  t h e  f o l l o w i n g  f o r m :  

J 

r~ 

l 2 

29.52.10~* 30,t8.i0 -~ 

18.t0- t0 u t4.40.10 '* 

2.i73 8.t3 

3.72~ 62.03 

6. i7 . t0- '  6.89.10-* 

~hat  t h e  d i f f u s i v e  m a s s  f lux  of  e a c h  c o m p o n e n t  i s  c o m -  
p o s e d  of  s e v e r a l  p a r t s  [3]: 

j ~t J" = J / +  J / +  J ~  + ~ . ( 4 .1 )  

E x p r e s s i o n s  f o r  t h e  m a s s  t r a n s p o r t  c a u s e d  by  t h e  

d e n s i t y  g r a d i e n t s  i n  t h e  c o m p o n e n t s  of  t h e  m i x t u r e  J~p, 
t h e  t h e r m a l  d i f f u s i v e  m a s s  t r a n s p o r t  ~T,  t h e  m a s s  

f l u x  J~  a n d  m a s s  t r a n s f e r  ~E b y  t he  e l e c t r o m a g n e t i c  
f i e l d  a r e  g i v e n  b y  t h e  c o r r e s p o n d i n g  f o r m u l a s  (1 .14) ,  

(1 .16) ,  a n d  (1.17) of [3]. 

We  a s s u m e  t h a t  a n i s o t r o p y  c a n  b e  n e g l e c t e d  in  t h e  

t r a n s p o r t  p h e n o m e n a ( w e T e *  << 1).  T h e n  in  o u r  c a s e ,  

w i t h  a c c u r a c y  to q u a n t i t i e s  o n  t h e  o r d e r  of  a~/ZOl/Z 
r e l a t i v e  to t h e  r e m a i n i n g  t e r m s ,  t h e  e l e m e n t s  of  d e -  
t e r m i n a n t  [a(P)[,  g i v e n  f o r  a n  a r b i t r a r y  m u l t i e o m p o -  

n e n t  p l a s m a  ( f o r m u l a s  (1 .20)) ,  a s s u m e  t h e  f o r m  

a(o) a~* __ 6aa 
at = ~ a i  -1- " ~  , 

(0) ~ a z *  _ _  8a~  

~ - ~ • ~,-7' 

a(O) ao a(eo) ao = ~ ,  = ~--~, 

a(O) m a a~ a..,.~ ~- - -~ -  ~-~+ ~ ,  

a ~ - -  m--L a~ q_ a_L~" 
--  M Xat Tea 

(4.2) 

H e r e  

nt , ma + a (mr - -  ma) 
r -- na + nt al~' = M al' 

a r = - t - - g r  ( r = O , t , . . . , 5 ) ,  

go = 2 .5  x~-~%*%, g~ = - -  1.5 'q-'xe*,  

ga = 2.5 b~%*~1 -t , 

D I _ _  T___a*{raa a_!_l q_ a~ ) 

m a al* ( i  + A2) ' m i al* (1 -~ Az) ' 

D]I _ _ T A * {  rat aa -1- a8 '~ 
~e~ mi ~ \ M Xal ~ Teal'  

.L U D ~  ~ D ~ ,  

D A ~ D M [ 2a~at~O 'i. ( 4 . 5 )  

T h e  m o b i l i t i e s  of  t h e  c h a r g e d  p a r t i c l e s  a r e  ( fo r  

s i m p l i c i t y  a s s u m i n g  Z n  i = ne)  

Ze D~ K~ = - ~ -  ie, K ~  = e r)l( (4.6) 

Using the expression aQ =- -~  e~n~K. U [3], we obtain 

g m i Z n  a \3  6! e2ned*me [ ~  q- ~ae ('~aaa "t- --'~-eas)J. (4.7) 

A s s u m i n g  t h a t  e l /ZO-l /1  << 1, we  h a v e  

e2~e~O 
0 tl __ me (i - -  2.5 Tx-2"%*zo) (4.8) 

w Table 1 gives numerical values for the transport coefficients 
for the plasma model adopted here with mi ~ ma.  

Case (1) considers neutral helium (ran = 6.4.10 -as g) with a cesium 
additive (mi -= 212.6~ "z3 g); and so mi > me. Case (2) considers 
neutral krypton ma = 133.9 "i0 "za g) with a lithium additive (m i =- 
--- i1.1 �9 i0 "as g), i . e . ,  ma > m i. The particles are assumed to be 
rigid elastic spheres (L e. ,  Qcd5 --- ~r (rc~ + rE) z, ra  and r13 are the radii 
of the spheres) in the collision of a charged particle with a neutral, 
and also between two neutral particles. Moreover, instead of the dif- 
fusion coefficients (4.5) the table gives the conductivity coefficients 
o0 = ne ez r0/me introduced in [4] and also the slipping coefficients 
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r0 = 26r since it is these which appear in the simplified 
system of equations of motion. 

The basic plasma parameters necessary for the calculation were 
taken as follows. B = 104 G, T = 2 .10 -is erg; Te = 10 -az erg, na = 
= g .10  *n cm -3, and ne = 20 ~4 em -3. It is interesting to compare the 
data given in Table 1 with that obtained from the formulas of [2-3], 
clearly incorrect for the plasma model adopted here m i ~ ma), but 
valid for m i = ma = m. In this case the calculations were carried out 
as if we had no information about the ions, i. e.,  it was assumed every- 
where that m = ma, and that r i = ra in the formula Qcd3 = ~r (r a + ri) ~. 
The results obtained are given in Table 2. All the remaining transport 
coefficients which were obtained are the same as in Table 1. 

On comparing the tables given above we see that the 
majority of the transport coefficients could have been 

calculated from the formulas of [2-3], if the mass m 
appearing there is everywhere changed to m a. How- 
e v e r ,  t o  c a l c u l a t e  t h e  e o e f f i c i e n t s ~ ,  r0 ,  Hi, a n d  Xi 

t h e  f o r m u l a s  o b t a i n e d  in  t h e  p r e s e n t  p a p e r  m u s t  b e  

e m p l o y e d ,  c a l c u l a t i o n s  f r o m  t h e  f o r m u l a s  of  t h e  

p a p e r s  i n d i c a t e d  a b o v e ,  w h e n  m i r m a ,  m a y  l e a d  to  

c o n s i d e r a b l e  e r r o r s  ( t h u s ,  f o r  e x a m p l e ,  i n  c a s e  (2) 

c a l c u l a t i o n s  f o r  t h e  s l i p p i n g  c o e f f i c i e n t  m a y  b e  in  

e r r o r  b y  a f a c t o r  o f  a l m o s t  s i x ) .  

F i n a l l y ,  t h e  a u t h o r  i s  g r a t e f u l  to  V .  V.  G o g o s o v ,  

u n d e r  w h o s e  d i r e c t i o n  t h i s  w o r k  w a s  c a r r i e d  o u t .  
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